Micro Electro Mechanical Systems (MEMS) based microcantilever is a micromachined device similar to the miniaturized version of a diver's board, longer as compared to width, and has a thickness much smaller than its length or width. The merits of MEMS microcantilever sensors are its high sensitivity, design simplicity, portability and high speed. In this paper, a microcantilever sensor is designed to meet the requirements of a biosensor that detects tuberculosis. The addition of mass on the microcantilever surface makes it to bend and its stressed elements deform.The deflection underwent by microcantilever is detected by piezoresistive detection mechanism. The behavior of piezoresistive microcantilever structure is investigated using various beam materials and geometric dimensions. The advantage of incorporating SCR (Stress Concentrated Region) on the piezoresistive microcantilever is studied and the optimal position of placing the piezoresistor on the microcantilever beam is investigated using load analysis and corresponding stress distribution results. CoventorWare R is used to do the analysis of micromachined cantilever. The results show that sensitivity increases with increase in length and incorporation of SCR but decreases with increase in thickness.
Introduction
MEMS are miniaturized devices fabricated by micromachining processes. They have the advantages of smaller size, low cost, low energy consumption and high resolution 1 . Moreover this allows more electronics to be fabricated on the same chip along with the transducer for compact and reduced noise figure design and more built in intelligent features. Presently MEMS technology is used widely in biomedical devices. It is realized by microfabrication technology that incorporates a biological part along with a microsystem transducer. Conventional biosensors require extensive packaging, sophisticated electronic interfacing and maintenance. They are not suitable for compact and standalone systems. These drawbacks can be reduced by the use of microcantilever structures 2 . They are being employed as biological, physical, mechanical, chemical and electrical transducers due to their simplified design 3 . When a microcantilever surface is functionalized to detect biomolecules, it is called the microcantilever biosensor 3 . Microcantilever undergoes chemical or physical adsorption of biomolecules on its surface which changes its mechanical properties. In biological sensing applications, MEMS microcantilever sensor has gained considerable popularity due to its excellent sensitivity and high speed 2 . It has become a promising technology in the field of medical diagnosis. The microcantilever undergoes vibrations and displacements due to the sample getting attached to the structure. By studying the shift in natural frequency of vibration or the amount of displacement one can estimate the mass of the sample attached to the sensitive end 4 . Therefore to obtain the nature of the external signal it is necessary to study the frequency of vibration or displacement due to both the mechanical and its electrical equivalent part.
Detection of diseases like cancer, tuberculosis etc., is costly and needs giant and bulky machines for diagnosis, additionally power consumption of these devices is more. Unlike the other methods currently employed for detecting tuberculosis, the microcantilever based TB diagnostic device embodies all the advantages mentioned above. Cantilever sensor uses mechanical as well as electrical transduction mechanism. Stress is created on the sensitive end of the microcantilever owing to the adsorption of biomolecules. The adsorption of analyte on the sensitive end of microcantilever is shown in Fig 1. Deflection of the beam is caused due to the binding of the sample adsorbed on the sensitive surface 4 . In this work piezoresistive method of detection is taken into account because it does not need any extra sensing device 2 . Change in resistivity of the piezoresistor is detected in terms of change in current that is further measured by using micro ammeter. Another commonly used method called the optical method for detection has several disadvantages on its side like being not portable, requirement of external devices, need of periodic alignment etc., but all these drawbacks are not present in the piezoresistive method 5 . In this work, a basic piezoresistive microcantilever biosensor design is introduced. Concerted efforts have been carried out in optimizing the performance of the microcantilever biosensor through various investigations which include geometrical dimension variations and incorporation of stress concentration region 6 . Design of MEMS microcantilever structures extensively adopts Finite Element Analysis (FEA) to realize stress distribution for reliability, sensitivity, and non-linearity. MEMS simulation tool is used for the performance analysis of microcantilever structure. Different positions of piezoresistor placements on the microcantilever are studied and highest sensitive region is obtained. For the same applied loads on the microcantilever, the effects of a few parameters namely materials, geometrical dimensions and stress concentration region were investigated 7 . Sensitivity here is taken as a combined effect of both deflection and resonance frequency of the microcantilever. It is analysed on the basis of the above mentioned parameters.
Design methodology
A microcantilever beam is fixed firmly at one end and is free at the other end. Resonant frequency being one of the important parameters is the frequency of microcantilever at which it oscillates with maximum amplitude. It undergoes deflection when mass is adsorbed onto it. So the microcantilever needs to be designed so as to attain the maximum sensitivity by maximizing resonance frequency and deflection of the beam.
Operating Principle
For a rectangular profile microcantilever, the surface stress σ and deflection z are related by Stony's Equation
The second formula is relating the cantilever spring constant k to its dimensions and material constants.
Here L and t are the length and thickness of the microcantilever and E and ν are the elastic modulus and Poisson's ratio of the microcantilever material. Stoney's model predicts that the microcantilever under surface stress loading on the upper surface undergoes uniform bending proportional to surface stress. The beam thickness is assumed to be very small compared to the lateral dimensions and also it is assumed that the strains and rotations are small. Resonant frequency (f) for a rectangular profile microcantilever with mass density ρ is given as:
From the above equations, it is seen that attempts to increase the deflection by increasing length or decreasing thickness will decrease the natural frequency. The two equations have an inverse relationship between them. Therefore considering the deflection and frequency the overall sensitivity is defined as
The stiffness coefficient k of the microcantilever has an important role in determining its sensitivity. It depends on the nature of material used and the geometric structure. Thus the sensitivity changes with the change in shape and material of the microcantilever. At the microcantilever center line which is along the length, the stress becomes zero and it increases linearly with distance away from it. So highest sensitivity is attained with a piezoresistor placed on the base of the microcantilever.
Piezoresistive Sensing Mechanism
The piezoresistors are arranged as wheatstonebridge configuration for detection as shown in fig 2. The fractional resistance change is given by
where π 1 is the longitudinal piezoresistive coefficient of silicon at the operating temperature and at a given doping concentration, β is a correction factor between 0 to 1 and Δσ is differential surface stress of beam.
Performance Analysis
The simulation results are governed by the following factors that affect the mechanical behaviour of the piezoresistive microcantilever.
Material Analysis
The beam material of the microcantilever were made of different materials viz. polysilicon, silicon and silicon dioxide. The microcantilever was designed in the simulation tool using a structural layer and a sacrificial layer. The sacrificial layer is etched out by dry etching process, which results to release of the microcantilever beam. Polyimide was taken as the sacrificial layer. They are chemically and thermally stable and can be removed quickly either anisotropically or isotropically. Sensitivity as given in equation (3) combines both deflection and natural frequency effects and is used here to study various mechanical parameters of the piezoresistive microcantilever. The frequency and deflection were calculated separately using load analysis and then multiplied to get the overall sensitivity. From Fig. 3 . Effect of different applied loads on sensitivity for different materials of the microcantilever the graph in fig 3 it is clear that silicon dioxide has the highest sensitivity compared to silicon or polysilicon. The reason being the low Young's modulus value. Young's modulus is the mechanical property of a material that defines its stress and strain relationship. If its value is high then the material is rigid meaning larger stress values are required to deform it. So low value of Young's modulus indicates more deformation for a given stress value indicating more sensitivity. Silicon dioxide though provides with the highest sensitivity is not widely used for developing the piezoresistive microcantilever due to its insulation properties. It is a good dielectric and the piezoresistor should be made up of a conductor material so that current flows through it. So materials such as silicon or polysilicon are used which comes at an expense of reduced sensitivity. But these materials make the fabrication processes easier and increase reliability.
Dimensional Analysis
The sensitivity of the piezoresistive microcantilever increases with increase in length . As it is evident from equation (1), the deflection increases with increase in beam length that enhances the sensitivity of the microcantilever. At a fixed applied load of 0.1 μN, different lengths of the beam were taken from 90 μm to 140μm. Simulations were done on the model with width and thickness taken as 30 μm and 3 μm respectively and results are in the graphs in fig  4 and fig 5. Matching with the theoretical results, the simulation results clearly show that with increase in thickness of the beam the sensitivity is reduced largely. A fixed load of 0.1μN was applied to the piezoresistive microcantilever with varying lengths and thicknesses and the dimensional analysis was done.
Optimal position for Piezoresistors
The piezoresistive microcantilever was incorporated with a stress concentration region that showed larger sensitivity in terms of deflection. Square hole was used here as the stress concentrated region. The width, length and thickness of the microcantilever structure were taken as 30 μm, 90 μm, and 2 μm, respectively. The effect of square hole can be understood by studying the Mises stress value on the beam. Basically Mises stress shown in fig 6 is used to determine the yielding condition of beam under any load condition. It helps to know the failing condition of the material i.e if stress induced goes beyond the strength of the material, it will fail. By studying the structure with square hole it is seen that the stress and the corresponding sensitivity is higher along the incorporated square hole area on the piezoresistive microcantilever compared to the one without SCR under the same applied loads and it is shown in fig  7. Various load conditions were applied and sensitivity was obtained by getting the deflection and resonant frequency values from the simulation that were done with and without SCR. The applied surface stress on the piezoresistive Fig. 6 . FEA stress distribution diagram showing maximum Mises stress near the base of the microcantilever Fig. 7 . Change in sensitivity due to incorporation of stress concentrated region on the microcantilever beam microcantilever are measured directly, with the mechanical energy transduced into a measurable electrical signal. The electrical resistance will change according to the strain developed, but in real, the resistance depends on the difference in lateral and transverse stress of the microcantilever.
When piezoresistive microcantilever is used in biomedical applications, it should be highly sensitive and the detection mechanism used should properly sense the stress gradient. In the case where a surface stress is applied to the microcantilever, as occurs during biological and chemical sensing, the stress difference has its highest magnitude near the base of the microcantilever. Therefore, the placement of the piezoresistor within this region where there is maximum stress is important for attaining a sensitive detection scheme.
Conclusion
The microcantilever when designed to meet the requirement of a biosensor detecting tuberculosis should exhibit high sensitivity. Th epaper investigates steps to improve the overall sensitivty of the piezoresistive microcantilever so as to increase its reliabiliy as a biomedical device. It was found that the sensitivity factor depends on the geometric dimensions, shape and beam material of the microcantilever.The sensitivity can be improved by incorporating SCR, increasing length and decresing thickness. Detection mechanism needs to be accurate so piezoresistive method is employed. Stress distribution obtained from load analysis of the piezoresistive microcantilever showed the best place to keep the piezoresistors.
